Rationale Nicotine dependence (ND) is a heterogeneous phenotype with complex genetic influences. Methods The study used data from 734 European Americans who smoked at least 5 cigs/day [M=16.2 (SD=9.5)cigs/day], completed a phenotypic assessment, and provided a sample of DNA. Based on prior evidence of the role of genetic variation in the NCAM1-TTC12-ANKK1-DRD2 region on chromosome 11q23 in smoking behavior, associations among 12 region loci with nicotine dependence and PDM phenotypes were examined using haplotype and individual loci approaches. In addition, mediational analysis tested the indirect pathway from genetic variation to smoking motives to nicotine dependence. Results NCAM1-TTC12-ANKK1-DRD2 region loci and haplotypes were significantly associated with the motive of Automaticity and, further, Automaticity significantly mediated associations among NCAM1-TTC12-ANKK1-DRD2 cluster variants and nicotine dependence. Conclusions These results suggest that motives related to automaticity are a viable intermediate phenotype for understanding genetic contributions to nicotine dependence. Further, NCAM1-TTC12-ANKK1-DRD2 variants may increase the likelihood that a person will become dependent via a highly automatic smoking ritual that can be elicited with little awareness.
Introduction
Genetic factors influence the risk of initiating smoking and becoming dependent on nicotine (Goldman et al. 2005; MacKillop et al. 2010) , and clarifying these influences may hold the key to further reductions in the chronic tobacco use disease burden. The genetic influences on nicotine dependence (ND) appear to be complex, with given genetic variants potentially related only to particular features of the multifaceted phenotype (Baker et al. 2009; Pergadia et al. 2006) . Increased knowledge of the genetic influences on various manifestations of ND could clarify mechanisms of dependence and inform tobacco prevention and intervention efforts by revealing who is at elevated risk for dependence (NCI 2009) .
Although a large number of genetic loci potentially influencing ND have been considered, the NCAM1-TTC12-ANKK1-DRD2 gene cluster is one that has been replicated in large samples using both genome wide and candidate approaches. Specifically, the dopamine receptor 2 (DRD2), the ankyrin repeat and kinase domain containing 1 (ANKK1), tetratricopeptide repeat domain 12 (TTC12), and neural cell adhesion molecule 1 (NCAM1) gene cluster on chromosome 11q23 have been associated with ND in several studies (Bergen et al. 2009; Ducci et al. 2011; Gelernter et al. 2007; Gelernter et al. 2006; Laucht et al. 2008; Morley et al. 2006; Saccone et al. 2007 ). DRD2 and related variants became a focus of interest due to dopamine's critical role in nicotine pharmacodynamics (Benowitz 2010) and addictive processes more broadly (Volkow et al. 2009 ). For DRD2, many studies have focused on a polymorphism known as Taq1A (rs1800497), which was subsequently shown to map in the neighboring ANKK1 (Neville et al. 2004) . Although metaanalyses support a role for Taq1A in risk for smoking behavior (Li et al. 2004; Munafò et al. 2004) , its specific functional role remains unknown and there is not a clear susceptibility locus in this region. Further, although data strongly support a role for DRD2 in influencing dopamine transmission (Usiello et al. 2000; Volkow et al. 2009 ), very little remains known about the specific functional molecular pathway of the NCAM1-TTC12-ANKK1-DRD2 gene cluster and, despite the historical focus on DRD2, the susceptibility locus within this region may not be dopamine-related. For example, the protein encoded by ANKK1 is one of a family of proteins involved in signal transduction pathways (Neville et al. 2004 ), yet, interestingly, studies have not detected ANKK1 in the brain. A notable study by Mota et al (2012) suggested that polymorphisms within the NCAM1-TTC12-ANKK1-DRD2 gene region serve as a clustered regulatory functional unit that is maintained across evolution in order to preserve phenotypic integrity. Thus, studies have frequently tested multiple individual loci within this gene cluster or used haplotype approaches to capture the linkage disequilibrium (LD) across the region. In a region such as this, with high LD and no clear putative risk allele, combining individual loci and haplotype analyses provides an opportunity to narrow the location of a susceptibility locus by shedding light on both the role of specific individual variants and common combinations of variants (Gelernter et al. 2006 ). This strategy permits identifying whether individual loci or combinatorial patterns are the most relevant unit of analysis for observed associations.
In addition, studies supporting a role for NCAM1-TTC12-ANKK1-DRD2 gene cluster variants on ND have largely not taken into account the heterogeneity of the ND phenotype in order to examine specific etiological pathways. (NCI 2009; Baker et al. 2009 ). Intermediate phenotypes represent mechanistic traits that may be more proximal to causal genetic variants and may permit distillation of the ND phenotype, and potentially more specific gene mapping, by producing a more homogeneous group of smokers who share a particular genetically-mediated vulnerability to ND (NCI 2009; Goldman and Ducci 2007; MacKillop and Munafò 2013) . Notably, intermediate phenotypes are not necessarily "endophenotypes," which refer to genetically influenced processes that are putatively etiologically relevant, but are required to meet a number of characteristics, including being distinct from the clinical phenotype (Gottesman and Gould 2003; MacKillop and Munafò 2013 (Piasecki et al. 2010; Piper et al. 2008 ) and, thus, have been dubbed the Primary Dependence Motives (PDM). Although the PDM are linked both empirically and theoretically with ND, they also account for orthogonal variance to other features of ND such as withdrawal severity and relapse likelihood, suggesting that the PDM may associate with particular ND clinical features and be related to a particular ND risk pathway (NCI 2009 ). Prior work has linked neuronal cholinergic receptor (CHRNA5-A3-B4) gene cluster haplotypes with the PDM subscales in early onset smokers (Baker et al. 2009 ), suggesting that a subset of smokers who start smoking in their teens and develop a profile of heavy, pervasive smoking, as reflected by the PDM, may follow a unique etiological pathway to ND. While this initial evidence supports PDM motivational profiles as a promising intermediate phenotype of ND, clearly more studies are needed to examine associations with the PDM and other biologically implicated genetic regions.
In addition, further work is needed to reveal the mechanisms underlying associations among smoking-related gene variants, smoking motives, and ND, including examining a potential mechanistic role for the PDM in the pathway linking genetic risk and dependence. For example, genetic influences on ND may exert their influence via indirect pathways through motivational profiles. In this case, rather than a direct relationship among gene variants and ND, the motivational intermediate phenotype could serve as a mediator along an etiological pathway that explains the association between the two. Alternatively, genetic variants may show association with both ND and smoking motives without evidence of an indirect effect. Such associations would reflect a relationship between genetic influences and an individual's motivational profile for smoking, but one that is independent of associations with ND. This would suggest an alternative manifestation of the clinical phenotype that is not a mechanism of risk per se. In this way, studies that employ formal mediation analyses using viable intermediate phenotypes, such as PDM, can clarify established genotype-ND relationships and explicate the mechanisms by which genetic variation exerts influence on clinical dependence phenotypes.
Current study
While evidence is suggestive that motivational profiles may be promising intermediate phenotypes related to particular features of ND, no studies have directly examined associations among WISDM PDM and variants within the NCAM1-TTC12-ANKK1-DRD2 gene cluster, a well-replicated and biologically implicated region in smoking behavior. Thus, in the present study, our goal was to examine WISDM motivational profiles as a novel intermediate phenotype for ND in a European American (EA) sample using multiple strategies. We hypothesized that the WISDM PDM subscales would be associated with variation in the NCAM1-TTC12-ANKK1-DRD2 gene cluster and would be significant mediators along the gene to clinical ND phenotype pathway. Given the high LD and lack of clear risk allele in the region, association was initially approached using haplotype analyses. Significant haplotype tests were followed up with individual loci analyses in order to determine if associations were due to particular loci or primarily a function of membership within a larger combination of variants. We then used formal mediation analyses to evaluate mechanistic relationships and test whether PDM subscales were significant mediators of the genotype-ND relationship, which would suggest that the observed genotype-clinical phenotype relationship was attributable to the effect of the genotype on the intermediate PDM phenotype.
Methods

Sample description
Participants were 734 individuals, who self-reported as EA and smoked at least five cigarettes per day and were recruited through local advertizing as part of a larger study of behavioral economics and smoking (MacKillop et al. 2012) . These individuals were 60 % male (n=440) and, on average, were 30.1 (SD=12.4)years of age, had 13.2 (SD=2.2)years of education, smoked 16.2 (SD=9.5; Range 1-80) cigarettes each day, were 14.9 (SD=3.8)years old at their first cigarette, and had a median of one prior quit attempt.
Phenotypic measures
Fagerström test of nicotine dependence (FTND; Heatherton et al. 1991) . The FTND is a well-validated six-item measure of ND severity.
WISDM PDM The 68-item WISDM-68 (Piper et al. 2004 ) was used to assess the primary dependence subphenotypes of heavy, pervasive smoking. The items within the four individual subscales that constitute the PDM, Automaticity (e.g., "I often smoke without thinking about it."), Craving (e.g., "I frequently crave cigarettes."), Loss of Control (LOC) (e.g., "Cigarettes control me."), and Tolerance (e.g., "I can only go a couple hours between cigarettes."), were averaged to create an index score for each PDM. As expected, the smoking motives were significantly correlated with each other and FTND (all p's<0.001; Table 1 ).
Marker information and haplotype derivation
Genotyping and SNP selection Thirteen markers were selected across the NCAM1-TTC12-ANKK1-DRD2 candidate gene region using HapMap to determine the tag SNPs required to capture >80 % of the variance within the gene cluster. These tag SNPs were augmented with loci that had been implicated in prior studies of this region and nicotine dependence (e.g., from Gelernter et al. 2006) . Ethanol precipitation was used to extract DNA from collected saliva samples. Samples were genotyped using a MassEXTEND Sequenom assay based on the annealing of an oligonucleotide primer adjacent to the SNP of interest. The assay was performed in multiplex with 20 reactions in a single well; 20 % of all samples were randomly run in duplicate resulting in a genotyping error rate of 0.02 %. Primer sequences are available upon request. Genotypes were determined by investigators blinded to phenotypic data. Table 2 describes the prevalence of genotypes and alleles and HWE p values for each marker. One marker (rs4938012) was excluded from subsequent analyses due to HW failure and greater than 15 % missing genotypes.
Haplotype derivation In order to (a) maximize the amount of information provided by the multiple markers and (b) more fully characterize correlated markers within the region, we also utilized all of the available polymorphic data to identify haplotype blocks (i.e., the combinations of SNP/InDel markers that are statistically associated). Haploview was used to visualize and define haplotype blocks in the region (Barrett 2009; Barrett et al. 2005) . LD was defined at 95 % confidence of non-random association of alleles at two or more loci (Gabriel et al. 2002) . Two haplotype blocks were observed ( Fig. 1) : Block 1 was based on rs2282511 (TTC12), rs877183 (ANKK1), rs17115439 (ANKK1), rs4938013 (ANKK1), and rs4938015 (ANKK1) and Block 2 was based on rs11604671 (ANKK1) and rs1800497 (ANKK1).
Haplotypes were then confirmed and extracted using PHASE [Version 2.1; (Stephens and Donnelly 2003; Stephens and Scheet 2005; Stephens et al. 2001) , requiring that the probability of a haplotype be greater than or equal to 0.80 (Oroszi et al. 2009 ). PHASE haplotypes were used to construct diplotypes (i.e., combination of haplotypes across the pair of homologous chromosomes) that were used in the regression analyses. Table 3 describes the frequencies of measured haplotypes as determined by PHASE (Stephens et al. 2001) . Because of the limited and inconsistent literature indicating a putative risk allele at each of our loci of interest, haplotype, and thus diplotype, scores were created using a model based on haplotype dosage (Lu et al. 2006; Pajewski et al. 2011 ). We assumed an additive effect for the presence of each of the identified haplotypes; consequently, an individual may possess 0, 1, or 2 copies of each haplotype observed. This scoring scheme was utilized for every haplotype that was more frequent than 0.20 in the study sample. Haplotypes present at less than 0.20 were excluded from further analysis.
Statistical analyses and analysis plan
Analyses were executed in PLINK v1.07 (http://pngu.mgh. harvard.edu/purcell/plink/; Purcell et al. 2007 ) and SPSS 19.0 (IBM Corp, Released 2010). As this study was an exploratory arm of a parent policy study (MacKillop et al. 2012) , no a priori power analysis was conducted. However, using Quanto (Gauderman 2002) , we determined that the study had adequate power for associations reflecting 1 % (β=0.78) and excellent power for associations reflecting ≥2 % (β≥0.97). FTND and PDM were initially examined for outliers (using standard scores, criterion Z = 3.29) and for distribution normality and no violations were observed (Tabachnick and Fidell 2001) and bivariate correlations examined the relationships among the smoking phenotypes. These data are reported in Table 2 . Linear regressions were used to test the main effects of genetic variation on smoking phenotypes, using the observed haplotypes as the primary tests and following up with test of the individual loci. Separate models were run for each smoking measure. In addition, because there is not an agreed upon putative "risk" haplotype for this gene region, separate regression models were run for each possible observed haplotype code. In the individual loci tests, an additive model was assumed, where an individual may possess 0, 1, or 2 copies of each minor allele observed. To control for type-1 error inflation, we applied a family-wise false discovery rate (FDR) correction to genotype/haplotype-phenotype association tests (Benjamini and Hochberg 1995) . Finally, where there was a significant association with the genetic variant and a PDM subscale, selected mediation examining the extent to which the genetic effect (genotype or haplotype) (IV) exerts its influence on FTND (DV) through the PDM (mediator) was tested via the products of the coefficients method in SPSS 19.0 (Preacher and Hayes 2008) . Because the assumption of normality of the sampling distribution of total indirect effects is questionable, bias corrected 95 % confidence intervals of the indirect effect were also estimated using bootstrapping methods (Preacher and Hayes 2008) . Importantly, testing of indirect effects was not conditional on the presence of a statistically significant genotype/haplotype-FTND association (i.e., the A→C path) because it is not necessary for the test and several scenarios can give rise to a nonsignificant A→C relationship (for a review, see Mackinnon and Fairchild 2009) .
Results
Main effects of genetic variation on smoking phenotypes
The results of linear regression models testing association among the two haplotype blocks and smoking phenotypes (FTND and PDM) are presented in Table 4 . After FDR correction, the CACCC haplotype (Block 1) was significantly associated with lower Automaticity (R 2 =0.01, p= 0.01). Further, the AGTAT haplotype (Block 1) was significantly associated with higher Automaticity (R 2 =0.01, p=0.004). None of the block two haplotypes were associated significantly with any of the smoking phenotypes.
Haplotype models were followed up with linear regression models testing association among the individual loci, including the five loci that did not fall into haplotype blocks, which are presented in Table 5 . The direction of the regression coefficient represents the effect of each extra minor allele (i.e. a positive regression coefficient means that the minor allele increases risk/phenotype mean). After FDR correction, seven loci were significantly associated with variation in Automaticity, including loci from TTC12 (rs2303380 and rs2282511), ANKK1 (rs877138, rs17115439, rs4938013, and rs4938015), and DRD2 (rs1079597) (p's range from 0.004 to 0.017). Each of the significantly associated individual loci accounted for 1 % of the variance in the phenotype (R 2 's range from 0.006 to 0.012).
Indirect effects of genetic variation through smoking motives
The indirect effects for all selected mediation tests are provided in Table 6 . With regard to haplotypes, there was a significant indirect effect in the direction of reduced risk of the CACCC haplotype on FTND through Automaticity (p= 0.02). For the AGTAT haplotype, there was a significant indirect effect in the direction of increased risk of this haplotype on FTND through Automaticity (p=0.002). Similarly, each of the seven individual loci that were significantly associated with Automaticity exerted a significant indirect effect on FTND through Automaticity via increasing Automaticity (p's range from 0.002 to 0.01).
Conclusions
Our data provide further support for the association among smoking and common genetic variation within the NCAM1-TTC12-ANKK1-DRD2 gene cluster and indicate that this region is likely to be involved, in part, in a specific motivational pathway leading to ND. After FDR correction, two haplotype blocks were observed in the region and two haplotypes within the larger block were associated with Automaticity in our EA sample. The risk-associated AGTAT haplotype spanning Block 1 showed a significant relationship with higher Automaticity. In addition, its converse haplotype CACCC, also of Block 1, was a protective haplotype significantly associated with Automaticity. Follow up tests indicated that the five SNPs that comprised this block were individually associated with Automaticity (rs2282511 (TTC12), rs877183 Mediation analyses supported a significant indirect effect via Automaticity of associations of both haplotype and individual SNP variation in the NCAM1-TTC12-ANKK1-DRD2 gene cluster and ND. The finding of a significant indirect effect via the Automaticity motive is suggestive that, rather than automatic smoking motives being an alternative manifestation of the clinical ND phenotype, Automaticity serves as a mechanism along the pathway from genetic risk to clinical dependence. Thus, NCAM1-TTC12-ANKK1-DRD2 variants may increase the likelihood that a person will become dependent via ritualized, automatic smoking that can be elicited with little awareness. Taken together, findings support the use of automaticity motives as viable intermediate phenotype for ND and suggest that genetic studies of the complex ND phenotype may benefit from focusing on more discrete smoking behaviors like automatic smoking and motivational profiles. For example, genetic probes of automaticity motives and automatic smoking behavior using neuroimaging or behavioral assays may prove fruitful ground. Further, our results suggest that interventions that target Automaticity by increasing behavioral and cognitive awareness, through either conventional cognitive-behavioral or more novel mindfulness-based approaches, may have particular benefit for this more homogenous group of smokers.
Our results extend prior studies showing associations among variation in the NCAM1-TTC12-ANKK1-DRD2 gene cluster with ND (Bergen et al. 2009; Ducci et al. 2011; Gelernter et al. 2007; Gelernter et al. 2006; Laucht et al. 2008; Morley et al. 2006; Saccone et al. 2007 ) and extend data from a single prior study demonstrating associations among cholinergic receptor (CHRNA5-A3-B4) gene cluster variants and PDM intermediate phenotypes (Baker et al. 2009 ) to another principal smoking-related candidate gene region. In a prior study, both haplotype and individual loci analyses suggested that rs4938013 and rs4938015 were associated with ND in EAs (Gelernter et al. 2006 ). In our study, these correlated ANKK1 SNPs are implicated in an indirect pathway to ND via Automaticity smoking motives. Similarly, with regard to the two SNPs associated with Automaticity outside of the haplotype block, both rs2303380 in TTC12 (Ducci et al. 2011; Gelernter et al. 2006 ) and rs1079597 in DRD2 (Gelernter et al. 2006 ) have been previously associated with ND. DRD2 rs1079597 has also been previously shown to predict the severity of withdrawal from smoking (Robinson et al. 2007 ) further supporting a role for this locus in phenotypes related to the maintenance of smoking behavior. In the current study, we did not find a significant association with rs1800497, the Taq1A variant of significant historical focus, and Automaticity. Thus, across studies data are broadly supportive that a major susceptibility locus for ND or related phenotypes is located in this region, but a specific causal haplotype or variant remains elusive.
In contrast to these prior studies, we did not find an association among loci in this gene cluster and ND, but instead demonstrated specific associations with Automaticity motives as an intermediate phenotype. Unique associations with Automaticity motives along the pathway to ND could be related to the role of region variants on aspects of the DA system seated in the ventral to dorsal striatal pathway, which is the putative substrate for habit learning and the putative transition pathway from motivational to cognitive processes (Everitt and Robbins 2005) . For example, in the striatum, where D2 receptors are the most common DA receptor, D2 receptor density is influenced by NCAM1-TTC12-ANKK1-DRD2 cluster variants (Jonsson et al. 1999; Pohjalainen et al. 1998 ). Thus, NCAM1-TTC12-ANKK1-DRD2 variation may be implicated in ND via an effect on habit learning processes that increase habitual and automatic smoking.
Our findings should be interpreted within the context of several methodological considerations. Although our study used a moderately sized EA sample, as with any candidate genetic approach, associations reported here need to be substantiated through replication. Furthermore, the sample size was not sufficient to include an extensive list of covariates without meaningfully reducing power. In addition, in order to maximize power and focus on ND intermediate phenotypes, we analyzed our full sample of EA smokers, which included smokers who ranged from low to severe dependence. The presence of less dependent smokers is a consideration when comparing our results to those of studies using higher dependence thresholds. With regard to the haplotype blocks, we employed a standard LD threshold for haplotype block derivation (Gabriel et al. 2002) . However, other block definition algorithms may have resulted in slightly different block formations and there was some ambiguity with rs2303380 coming very close to meet D' thresholds for Block 1 inclusion. Further, although our genotype and analytic approach served to characterize common variation in the NCAM1-TTC12-ANKK1-DRD2 gene region well, variants measured in the current study explained only ∼1 % of the variance in targeted phenotypes. Thus, not only is there additional genotypic variance within this region that was not measured in the current study (e.g., both common and rare variants), there are additional mechanisms involved that may act in concert with NCAM1-TTC12-ANKK1-DRD2 common variants in order to influence risk for smoking. We assumed an additive model for the haplotype and individual loci analyses, but this method only account for one possible form of genetic effect and alternative models should be explored and tested in future studies. Finally, although our mediational models imply an indirect pathway from genetic variants to ND via Automaticity, this potential causal pathway should be explicitly tested in future work using longitudinal designs. In sum, our findings using haplotype, individual genotype, and mediation analyses in a single study extend the literature to support a role for NCAM1-TTC12-ANKK1-DRD2 cluster variants in risk for ND and suggest that the effect of variation within the region on ND may exert itself through a highly automatic smoking ritual that can be elicited with little awareness. Automaticity may be a viable intermediate phenotype for understanding genetic contributions to ND that may shed light on the genetic pathways to clinical dependence. Future studies should seek to replicate and extend associations identified here as well as examine the specific functionality of this complex gene cluster.
